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Abstract: This study compared air-abrasion and etching regimens on adhesion of resin luting 
agent to zirconium dioxide. Ceramic specimens (LAVA, 3M ESPE) (N=16) were embedded in 
acrylic resin and exposed surfaces were polished. The specimens were randomly assigned into 
4 groups (n=12, 3 specimens for each disc): SC: Air-borne particle abrasion (30 µm aluminum 
oxide particles coated with silica, CoJet, 3M ESPE); MH: Heated chemical solution (Methanol-
800mL; 37% Hydrochloric Acid-200mL; Ferric Chloride-2g) at 100°C for 30 minutes, MHP: 
Primer (Metal/Zirconia Primer, Ivoclar Vivadent) + MH, P: Primer only (Metal/Zirconia Primer). 
Cylindrical molds (internal diameter: 0.7 mm; height: 1.5 mm) were placed on each conditioned 
specimen, filled with resin cement (Multilink Automix) and photo-polymerized for 60 s. After 24 
h, the moulds were removed and the specimens were stored in distilled water at 37°C for 6 
months). Microshear test was performed in a Universal Testing Machine (1 mm/min). Failures 
types were classified as adhesive, mixed or cohesive. In another set of specimens (n=2 per 
group) contact angle measurements were recorded. Data were analyzed statistically using 
Kruskal-Wallis and Dunn’s tests (α=0.05). The surface conditioning method significantly affected 
the mean bond strength (MPa) (p<0.0001): SC(18.3±0.3)a < P(5.00±0.07)b < MHP(4.7±0.08)c < 
MH(0.84±0.01)c. While Group SC showed mainly adhesive (58%) and mixed (41.7%) failure 
types, groups MH, MHP and P presented exclusively adhesive failures. SC, MHP and P (29-
32°) showed lower contact angle than MH (78.9°). Volume loss was the highest with MHP (9.92 
µl) followed by SC (9.67 µl).  
 
Keywords: Adhesion, Air-abrasion, Cementation, Ceramics, Etching, Microshear bond test, 
Surface conditioning, Zirconia 
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Introduction 
Yttrium-stabilized zirconium dioxide (zirconia) ceramic is one of the most commonly used 
industrially manufactured machinable block for CAD/CAM technology, with flexural strength of 
900-1200 MPa being higher than other types of ceramics such as feldspar and lithium disilicate 
ceramics [1]. 
The performance of reconstructions made of zirconia is not only related to its strength but also 
to the cementation procedures especially for minimal invasive applications where chemical 
composition of the ceramic, surface conditioning methods and the cement types play significant 
roles on the durability of adhesion [2]. Since zirconia does not contain a glass phase but high 
crystalline content neither etching with hydrofluoric acid nor silanization that is commonly 
performed for glass ceramics, could provide appropriate bonding between zirconia and 
adhesive cement [3]. The use of phosphate monomer based primers and cements have been 
demonstrated to form some adhesion similar to that produced by silanes through hydroxyl 
groups. However, the bond strength values reported in the literature using such chemical agents 
still seem to be lower than those values achieved after air-borne particle abrasion of zirconia 
with Al2O3 particles coated with silica (30-50 µm) [4]. This method, called tribochemical silica 
coating, provides micro-retentions and leaves silica remnants on the surface, allowing 
mechanical and chemical bonding between silane coupling agent and the resin cement [5]. In 
this context, the use of zirconia coupling agents or primers was also indicated on conditioning 
pure zirconia [6]. Such coupling agents establish covalent bonds between the silane and the 
hydroxyl groups of zirconia and improve the wettability and adhesion of resin cements. 
Unfortunately, zirconia coupling agents display a significant decrease in bond strength after 
hydrothermal aging [6]. Thus, alternative methods have been proposed [7-9] one of which is 
etching zirconia using heated chemical solutions [10-12]. Such chemical solutions were 
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postulated to produce surface irregularities and deliver increased bond strength between resin 
cement and zirconia when compared to air-abrasion with 125 µm Al3O2 particles or no 
conditioning [7,11]. However, their long-term stability after aging conditions is not known. When 
long-term stability of adhesion of resin cements are achieved using etching solutions to 
condition zirconia frameworks, they may serve as alternative surface conditioning modalities 
and substitute air-abrasion as the latter may yield to phase transformation from tetragonal to 
monoclinic which may be detrimental for the longevity of the zirconia reconstructions. 
The objectives of this study therefore were to evaluate the effect of acid etching zirconia with 
heated acidic solution versus tribochemical silica coating on the adhesion of resin cement after 
aging conditions and analyze the failure types. The null hypothesis tested was that bond 
strength would not significantly differ between surface conditioning methods tested. 
 
 
Materials and Methods 
Preparation of specimens 
Zirconia specimens (N=16) (LAVA, 3M ESPE, St. Paul., Minn, USA) were prepared according to 
the manufacturer's recommendations (diameter: 15 mm; height: 2 mm). The specimens were 
wet ground finished using silicone carbide papers in sequence (# 400, 600, 800, 1200, 1500, 
2000) for 30 s each. After sintering (1.500°C, 11 h, Lava Therm Sintering furnace, 3M ESPE), 
the specimens were cleaned ultrasonically (Vitasonic, VITA Zahnfabrik, Bad Säckingen, 
Germany) in distilled water for 10 minutes. The specimens were then embedded in auto-
polymerized acrylic resin (VIPI Flash, VIPI, Pirassununga, Brazil) with the bonding surfaces 
exposed, using a device that maintained the specimens parallel to the x-axis. 
The specimens were then randomly allocated (http://www.randomizer.org/) into the 4 groups.  
Surface conditioning methods  
Group SC:  The specimens were air-abraded with 30 µm aluminum oxide particles coated with 
silica (CoJet Sand, 3M ESPE) using a custom-made holder [13] at a constant pressure of 2.8 
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bar from a distance of approximately 15 mm from the surface, in a circular motion. After drying 
the surface with oil-free air, silane coupling agent (Monobond S, Ivoclar Vivadent, Schaan, 
Liechtenstein) was applied and allowed for its reaction with the substrate surface for 5 minutes. 
 
Group MH: Zirconia surfaces were etched with heated solution (Methanol-800 mL, 37% 
hydrochloric acid-200mL, and ferric chloride-2g) at 100°C for 30 minutes in an autoclave 
(Phoenix AV model 100, Biosystems, Santa Cândida, Brazil) [11]. 
Group MHP: After the zirconia surfaces were etched as described in Group MH, silane coupling 
agent (Metal/Zirconia Primer, Ivoclar Vivadent) was applied with a clean brush one coat and 
allowed to react with the surface for 5 minutes. 
Group P: In this group, zirconia surfaces received only silane coupling agent (Metal/Zirconia 
Primer) as described in Group MHP. 
Adhesive cementation 
A resin based luting cement (Multilink Automix, Ivoclar Vivadent) was bonded to the conditioned 
zirconia surfaces for microshear bond test [14]. Three translucent cylinder moulds (Tygon 
tubing, TYG-030, Maime Lakes, FL, USA) (internal diameter: 0.7 mm; height: 1.5 mm) were 
fixed with wax on the conditioned substrate surfaces (n=12 per group, 3 specimens for each 
disc). The resin was manipulated according to the manufacturer's recommendations and 
applied using a syringe (0.5 mL) to fill the cylinder moulds and photo-polymerized (Optilux 501, 
Demeton, Kerr, Orange, USA; light intensity: 850 mW/cm2) for 60 s.  
After storage in distilled water at 37°C for 24 hours, the cylinder moulds were removed using 
sharp blades (Gillette, Sao Paulo, SP, Brazil), exposing the resin cylinders. All cylinders were 
examined with stereomicroscope (SteREO Discovery V12; Carl Zeiss, Gottingen, Germany) at 
x30 magnification to check for the defects at the bonding interface. 
The specimens were then stored in distilled water at 37°C for 6 months. 
Microshear bond strength test 
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The specimens were placed in device attached to the jig of the Universal Testing Machine 
(EMIC, DL 1000, Sao Jose dos Pinhais, PR, Brasil) for microshear test. A wire loop (diameter: 
0.2 mm) surrounded the cement cylinder, making contact through half of its circumference and 
was carefully maintained at the zirconia-cement interface. A shear force was applied to the 
bonded interface at a speed of 1 mm/min until failure. The wire loop and the center of the load 
cell (10 Kgf) were aligned to ensure that the shear forces were correctly oriented. Bond strength 
(MPa) was obtained dividing the load at failure (N) by the interfacial bonding area (0.38 mm2). 
Failure analysis 
Failure analysis of all specimens was performed using a stereomicroscope (SteREO 
Discovery.V12, Carl Zeiss) at x20 to x200 magnification. The failures were classified as: 
adhesive (failure at the zirconia-cement interface with no cement remnants left adhered on the 
surface), cohesive (failure in the ceramic or cement) or mixed (combination of adhesive and 
cohesive failures). 
Contact angle measurement 
On separate specimens (n=2) contact angle was measured using a goniometer (Thetalite II, 
Biolin Scientific, Inc., Baltimore, USA) connected to a computer using software (Attension, Biolin 
Scientific, Inc., Baltimore, USA) at 26°C. One deionized water drop was placed on the zirconia 
surface using a syringe and the contact angle was measured after 10 s, allowing water spread 
on the surface, using 30 frames per second. 
Topographical analysis 
Topography of zirconia surfaces after surface conditioning methods were analyzed using 
scanning electron microscope (SEM) (JSM-5600LV, Jeol, Tokyo, Japan), at x2000 
magnification on separate specimens (n=2 per group). 
Statistical analysis  
All statistical procedures were performed using the Statistical Package for Medical Science 
(SPSS 21.00 for Windows software, SPSS Inc., Chicago, IL, USA). The data were expressed as 
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median, minimum, and maximum values. Descriptive statistics were computed, and test of 
normality was performed using Kolmogorov-Smirmov and Shapiro-Wilk’s tests. Mean bond 
strength (MPa) data were analyzed using Kruskal-Wallis and Dunn’s test. P values less than 
0.05 were considered to be statistically significant in all tests.  
 
 
 
 
Results 
The surface conditioning method significantly affected the mean bond strength (MPa) 
(p<0.0001): SC(18.3±0.3)a < MHP(5.00±0.07)b < P(4.7±0.08)c < MH(0.84±0.01)c (Table 1) 
indicating more favorable results with physico-chemical conditioning methods compared to 
chemical methods. 
SC, MHP and P (29-32°) showed lower contact angle than MH (78.9°). Volume loss was the 
highest with MHP (9.92 µl) followed by SC (9.67 µl) showing similar trends with the adhesion 
results (Table 1). 
 While Group SC showed mainly adhesive (58%) and mixed (41.7%) failure types, groups MH, 
MHP and P presented exclusively adhesive failures. No cohesive failures were observed in any 
of the groups (Table 2, Figs 2a-b).  
SEM photos of MHP and P groups revealed no penetration of the primer to the conditioned 
zirconia surface (Figs. 1a-d). The MH group presented similar surface topography with 
conditioned zirconia (P), indicating no major morphological changes. 
 
Discussion 
This study aimed to evaluate the effect of acid etching zirconia with heated acidic solution 
versus tribochemical silica coating on the adhesion of resin cement after aging conditions. 
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Based on the results of this study, since surface condition method significantly affected the bond 
strength results, the null hypothesis was rejected. 
Previous studies have shown that most critical failures of highly crystalline ceramics begin at 
the cementation-substrate surfaces [15,16]. Therefore, the integrity of the luting cement to 
zirconia surface is an important factor for the longevity of the adhesively luted restorations. The 
present study evaluated whether surface conditioning protocols based on etching with heated 
solution could be an alternative to tribochemical coating to improve adhesion of resin cement 
after aging. The results in the absence of chemical bond were not favorable for etching after 
aging, contradicting with the previous studies [7,11,12]. The morphological evaluation under 
SEM indicated rough surface after this type of conditioning but SC groups yielded to more 
prominent surface alterations for increased mechanical retention, confirming previous findings of 
studies on adhesion to zirconia [3,5,13]. The heated acidic solution seemed to have no evident 
effect in terms of surface change on the zirconia presenting similarities with the Group P 
specimens that were polished and silanized only. These findings were similar to the findings 
presented in a microscopy study where the presence of slight scratches on the surface treated 
with a heated solution was demonstrated [12]. 
The low bond strength results were also supported by the contact angle measurements in 
Group MH. The higher contact angle indicates less surface wettability and bond potential [2]. 
The contact angle was significantly higher in MH compared to SC, MHP and P groups where 
the latter three received a coat of silane. The silane and primer increase the surface energy of 
the ceramic and improve the wettability of the cement, thus optimizing the substrate-cement 
interaction [6]. One study noted penetration of flowable resin cement into the microretentions 
caused by the heated solution [11]. Considering the contact angle measurements of the present 
study, the surface roughening could not be considered sufficient to create long-lasting 
interaction, although the cement used in the current study was not the same as the cement 
used in the previous study [11]. 
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A controversial aspect in relation to the air-abrasion procedures is the possible damaging 
effect of particles on the mechanical properties of zirconia. It has been previously reported that 
this type of surface conditioning induces phase transformation from tetragonal to monoclinic 
zirconia, yielding to increased resistance to fracture [1]. On the other hand, other studies 
reported structural defects after air-abrasion that makes ceramics more susceptible to fracture 
during function [5,17,18]. In terms of adhesion, silica coating in this study delivered the highest 
results, in line with previous studies [19-23]. Thus, surface conditioning with heated solution 
could not substitute air-abrasion for improved adhesion.  
The heated solution might generate a selective etching effect on zirconia, creating and 
expanding micro-retentions in grain boundaries by removing less organized grains and 
providing peripheral atoms with high energy [8,24]. Although zirconia based ceramics show high 
resistance to acidic corrosion, immersion in a heated acid solution could cause rupture of the 
surface layer of zirconia and generate localized corrosion [11]. However, the findings of the 
current study did not support this assumption, as the adhesion obtained with the use of acidic 
solution was not long lasting. In fact, water can penetrate into nanometric spaces, resulting in 
decreased thermal stability of the polymer and causing a plasticizing effect [25]. Due to the 
small size of the specimens, instead of thermocycling, long-term storage in distilled water was 
practiced to age the bonded interfaces.  
Shear bond testing leads to complex stress concentration at the adhesive interface, not only 
exerting shear forces, but also tensile forces, in the region near the site of load application, 
leading to cohesive failures [26-29]. However, the majority of the failures in this study were 
adhesive, except for SC group, which showed high incidence of mixed failures (41.7%). 
According to results of this present study, heated methanol-hydrochloric acid-ferric chloride 
solution with and without the application of primer could not substitute tribochemical silica 
coating and silanization. Apparently, optimal mechanical interlocking and chemical adhesion 
through primer in physico-chemical conditioning still provides the most durable adhesion of resin 
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cement to zirconia. Future studies should also evaluate phase transformation after etching with 
heated chemical solutions that is the limitation of this study. 
 
Conclusions 
From this study, the following could be concluded: 
1. Surface conditioning method significantly affected the mean bond strength of resin cement to 
zirconia where silica coating and silanization delivered significantly higher bond strength 
compared to the application of heated chemical solution (methanol, 37% hydrochloric acid and 
ferric chloride) without and with primer.  
2. The incidences of mixed failure types were more frequent in the silica coated group, whereas 
all other groups with and without etching regimens presented exclusively adhesive failures. No 
cohesive failures were observed in any of the groups.  
3. Volume loss was the highest after application of chemical solution followed by silica coating 
but they both demonstrated lower contact angle.  
 
 
Clinical Relevance 
Heated chemical solution of methanol, 37% hydrochloric acid and ferric chloride at 100°C for 30 
minutes, with and without primer application cannot substitute air-abrasion with silica coating 
and silanization for better adhesion of resin cement to zirconia. 
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Captions to tables and figures: 
Tables: 
Table 1. The means and standard deviations of microshear bond strength (MPa), contact 
angle, volume, baseline values for the experimental groups. *The same capital superscripted 
letters in each column indicate no significant differences (α=0.05). SC: Air-borne particle 
abrasion (30 µm aluminum oxide particles coated with silica, CoJet, 3M ESPE); MH: Heated 
chemical solution (Methanol-800mL; 37% Hydrochloric Acid-200mL; Ferric Chloride-2g) at 
100°C for 30 minutes, MHP: MH + Primer (Metal/Zirconia Primer, Ivoclar Vivadent), P: Primer 
only (Metal/Zirconia Primer).  
Table 2. The incidence of failure types (%) for the experimental groups. A: Adhesive failure 
along the interfacial region between the resin cement and the zirconia surface; C: Cohesive 
failure in the resin cement, M: Mixed failure (cohesive failure of the resin cement combined 
with adhesive failure). See Table 1 for group abbreviations. 
 
Figures: 
Figs. 1a-d Representative SEM photomicrographs (x2000) of zirconia surface after various 
surface conditioning methods tested: a) Silica coating (SC), b) Conditioning with the heated 
solution (MH), c) Heated solution + Primer (MHP), d) Primer (P). 
Figs. 2a-b. Representative micrographs of the failure modes from the tested specimens, a) 
adhesive failure type at the ceramic-cement interface at the zirconia-cement interface with no 
cement remnants left adhered on the surface, b) mixed failure (combination of adhesive and 
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cohesive failure in the cement. The indicator (*) represents the zirconia surface free of resin 
cement, while the pointer (C) indicates the resin cement surface. 
 
 
 Tables: 
Experiment
al 
Groups 
Bond Strength 
(MPa) 
Contact Angle 
(°) 
Volume (µl) Baseline (mm) 
SC 18.3 (0.30)A 28.52 (0.54) 9.67 (0.09) 4.86 (0.01) 
MH 0.8 (0.10)C 78.88 (0.23) 8.45 (0.10) 5.42 (0.02) 
MHP 5.1 (0.07)B 29.98 (0.49) 9.92 (0.18) 4.79 (0.02) 
P 4.7 (0.08)B 31.49 (0.17) 8.82 (0.08) 4.98 (0.01) 
Table 1. The means and standard deviations of microshear bond strength (MPa), contact 
angle, volume, baseline values for the experimental groups. *The same capital 
superscripted letters in each column indicate no significant differences (α=0.05). SC: Air-
borne particle abrasion (30 µm aluminum oxide particles coated with silica, CoJet, 3M 
ESPE); MH: Heated chemical solution (Methanol-800mL; 37% Hydrochloric Acid-200mL; 
Ferric Chloride-2g) at 100°C for 30 minutes, MHP: MH + Primer (Metal/Zirconia Primer, 
Ivoclar Vivadent), P: Primer only (Metal/Zirconia Primer).  
 
 
Experimental 
Groups 
Failure types (%) 
SC A (58.3) C (0) M (41.7) 
MH A (100) C (0) M (0) 
MHP A (100) C (0) M (0) 
P A (100) C (0) M (0) 
Table 2. The incidence of failure types (%) for the experimental groups. A: Adhesive 
failure along the interfacial region between the resin cement and the zirconia surface; C: 
Cohesive failure in the resin cement, M: Mixed failure (cohesive failure of the resin cement 
combined with adhesive failure). See Table 1 for group abbreviations. 
 
 
 
 
2 
Figures: 
 
a) b) 
c) d) 
Figs. 1a-d Representative SEM photomicrographs (x2000) of zirconia surface after 
various surface conditioning methods tested: a) Silica coating (SC), b) Conditioning with 
the heated solution (MH), c) Heated solution + Primer (MHP), d) Primer (P). 
 
 
 
 
 
3 
a) b) 
Figs. 2a-b. Representative micrographs of the failure modes from the tested specimens, a) adhesive 
failure type at the ceramic-cement interface at the zirconia-cement interface with no cement remnants 
left adhered on the surface, b) mixed failure (combination of adhesive and cohesive failure in the 
cement. The indicator (*) represents the zirconia surface free of resin cement, while the pointer (C) 
indicates the resin cement surface. 
 
 
